In rabbit jejunal, but not ileal brush border membrane vesicles, an outwardly directed OH-gradient (pH 7.7 inside, pH 5.5 outside) markedly stimulated the initial velocity of folate (0.1 tiM) uptake compared with uptake in the absence of a pH gradient. Under pH gradient conditions, folate was transiently accumulated at a concentration four times that found at equilibrium (overshoot), implying uphill transport of the vitamin. Equilibrium folate uptake was inversely proportional to medium osmolality, suggesting uptake into an osmotically sensitive space. pH gradient-stimulated folate uptake was markedly reduced by inhibitors of anion exchange (4,4'-diisothiocyano-2,2'-disulfonic acid stilbene; 4-acetamido-4-isothiocyanostilbene-2,2'-disulfonic acid; furosemide), and was saturable (folate K., = 0.19±0.02 gsM; V, = 12.8±0.4 pmol -mg protein-' . min-). Imposition of an inside-positive electrical potential did not stimulate folate uptake, suggesting that stimulation by a pH gradient was not due to an induced electrical potential. In contrast, an inwardly directed Na' or K' gradient did not stimulate folate uptake.
Introduction
Dietary folate, pteroylpolyglutamic acid, is hydrolyzed at the intestinal brush border to the monoglutamyl form and the anionic moiety is subsequently absorbed predominantly in the jejunum by an energy dependent, saturable process. This process is competitively inhibited by folate analogues and is maximal at a luminal pH between 5.5 and 6.0 (1, 2). These findings suggest a brush border, carrier-mediated mechanism for intestinal folate transport.
Portions ofthis work were presented at the annual meeting ofthe American Gastroenterological Association (1985. Gastroenterology. 88:1576).
Address reprint and correspondence requests to Dr. Schron. Receivedfor publication 18 July 1985. A previous study in rat intestinal brush border membrane (BBM)' vesicles confirmed these earlier findings and identified an acidic pH optimum for carrier-mediated folate transport (3) . However, folate uptake was not examined under pH gradient conditions, and uphill transport of folate against an electrochemical gradient was not demonstrated. Therefore, the driving forces for folate transport were not defined.
Since, in the leukemic cell line L1210, an anion exchange mechanism mediates the transport of folate (4), a similar mechanism may be operative in the intestine. Moreover, pH gradient dependent, anion exchange mechanisms for the transport ofCl- (5) , S042 (6) , and oxalate (7) have recently been identified in rat and rabbit ileal BBM vesicles. In the present study, the effect of the transmembrane pH gradient on folate uptake by rabbit intestinal BBM vesicles was assessed in order to elucidate the driving forces for uphill transport of the vitamin.
Methods
Preparation ofBBM vesicles. Rabbit jejunal BBM vesicles were prepared by a divalent cation precipitation method as previously described (8) . Briefly, fed New Zealand white male rabbits were killed by air embolus and the first four feet of small intestine beginning 8 cm distal to the pylorus were removed. Mucosal scrapings were combined with buffer A (10 mM Tris, 16 mM Hepes, 300 mM mannitol; pH 7.5) in a ratio of one part buffer A to three parts mucosal scrapings (vol/wt), homogenized, and subcellular fractionation was carried out as previously described (8) . The final pellet was suspended in buffer A (40-60 mg protein/ml), and transport experiments were performed on the day of preparation.
Since this method had previously been validated only for the preparation of ileal BBM vesicles (8) , the purity ofjejunal BBM vesicles was assessed by measuring activities of various enzyme markers of the plasma membrane and subcellular organelles. In jejunal vesicles, the activity of lactase (9), a BBM marker enzyme, was enriched 12.6-fold compared with homogenate (5.67±0.54 vs. 0.48±0.04 ug glucose -mg protein-' -min' [n = 11] ). In contrast, the activities of Na', K+-ATPase (basolateral membrane [10] ), succinate cytochrome c reductase (mitochondrial [11] ), and NADPH cytochrome c reductase (endoplasmic reticulum [12] ) were not enriched in jejunal vesicles compared with homogenate (2.35±0.57 vs. 2.52±0.32 jmol Pimg protein' -h-' [n = 6]; 0.011±0.008 vs. 0.048±0.002 nmolmg protein-' -min-' [n = 3]; and 14.0±3.1 vs. 17.5±1.2 nmolmg protein-' min-' [n = 5], respectively). Mean total recoveries of enzyme activities were 92.8±4.1% (range 83.8-100.2%).
Vesicle uptake of3H-folate. Vesicle uptake of 3H-folate was measured by a rapid Millipore filtration technique (8) . After preincubation at room temperature for 2 h, the membrane vesicles (10 tA) were added to a reaction mixture (40 Al) containing varying concentrations of 3H-folate and unlabeled folate, and incubated at 30'C. Each uptake was terminated by the rapid addition of 3 ml of iced-cold, isotonic stop solution (10 mM Tris, 16 mM Hepes, pH 7.5; 182 mM K+ gluconate) and immediate filtration through a 0.45-Mum Millipore filter (HAWP). The filter was then washed twice with 3 ml of iced-cold stop solution, dissolved in Hydrofluor scintillation cocktail (National Diagnostics Inc., Somerville, NJ), and counted on an LS 6800 liquid scintillation counter (Beckman Instruments Inc., Fullerton, CA).
Uptakes were performed in triplicate on at least three separate membrane preparations and the results expressed as the mean±SE for all membrane preparations tested. Differences among means were tested for statistical significance (P < 0.05) using paired t test.
Materials. 3H-folate ( 
Results
Effects oftransmembrane pH gradient onfolate uptake. In ileal vesicles ( Fig. 1 ), folate uptake under pH gradient conditions (pH 7.7 inside the vesicle, pH 5.5 outside the vesicle; open circles) was similar at all time points to uptake in the absence of a pH gradient (pH 5.5 inside and outside; open triangles).
In contrast, in jejunal BBM vesicles, the initial velocity of folate (0.1 MAM) uptake (measured at 6 s) was relatively rapid in the presence of an outwardly directed OH-gradient (pH 7.7 inside, pH 5.5 outside; solid circles, Fig. 1 ). Moreover, at 1 min, folate was transiently accumulated at a concentration four times that found at equilibrium (overshoot), implying uphill transport of the vitamin. In the absence of a pH gradient (solid triangles), jejunal folate uptake was relatively slow (25% of uptake under pH gradient conditions), and no overshoot was observed. Furthermore, imposition of an inwardly directed Na' or K+ gradient (in/out = 0/60 mM) in the absence of a pH gradient did not stimulate folate (0.1 tM) uptake (at 6 s) compared with a cationfree control (105±3 and 108±3% of control, respectively [n = 3]). Effect of an electrical potential on folate uptake. Since an outwardly directed OH-gradient may generate an inside-positive electrical potential and possibly stimulate uptake of negatively charged folate (electrical coupling), experiments were performed to assess the effects of an electrical potential on folate uptake by jejunal BBM vesicles. An inside-positive electrical potential was established in the absence of a pH gradient (pH 5.5 in and out) by exposing the vesicles to an inwardly directed 50 mM K+ gradient in the presence of the K+ ionophore, valinomycin (t10 g/ mg protein). Uptake under these conditions was compared with uptake in the absence of an imposed electrical potential ([K+] in/out = 50/50 mM plus valinomycin), i.e., under voltageclamped conditions. Folate uptake was similar in the presence or absence of an inside-positive electrical potential at all time points In the presence of an identical inwardly directed K+ gradient (plus valinomycin), Na'-stimulated glucose uptake, an electrogenic process, was significantly inhibited, confirming that an inside-positive electrical potential was established under these conditions (data not shown). These data suggest that stimulation of folate uptake by a pH gradient cannot be due to electrical coupling. Effect of medium osmolality on jejunal folate uptake. To document uptake of folate into an osmotically sensitive space, medium osmolality was varied using the impermeant solute cellobiose and equilibrium folate uptake was measured. Uptake was inversely proportional to medium osmolality (Fig. 2) , suggesting osmotically sensitive transport. The positive y-intercept, representing uptake at infinite osmolality (i.e., intravesicular space = 0), indicates a contribution of binding to total uptake. However, uptake measured at 1.8, 3.0, 4.8, and 6.0 s was linear with time and the regression line passed through the origin (data not shown). This latter observation suggests that binding does not significantly affect the initial velocity of folate uptake. Since uptake was linear through 6 s, uptakes at 6 s were used to estimate initial rates of folate uptake. Effects ofmembrane transport inhibitors. The effects of inhibitors (1 mM) of membrane transport (13) on pH gradientstimulated folate uptake were also studied ( Fig. 3 ). DIDS and SITS, inhibitors of erythrocyte and epithelial anion exchange processes, were potent inhibitors ofpH gradient-stimulated folate uptake (84 and 77% inhibition, respectively). Furosemide, an inhibitor of cotransport (Na+/ClP and Na+/K+/Cl-) and of anion exchange, also significantly inhibited folate uptake (50%). None of the inhibitors affected equilibrium glucose uptake (data not shown), suggesting that these inhibitors did not adversely affect vesicle integrity. Folate uptake was not significantly affected by bumetanide, amiloride, or harmaline (inhibitors of Na+/Cl-cotransport, Na+/H' exchange, and apical Na' transport, respectively).
Kinetics offolate uptake. The kinetics of folate uptake were determined by incubating jejunal BBM vesicles with varying folate concentrations under pH gradient conditions in the absence or presence of 1 mM DIDS. The DIDS-sensitive component of folate uptake, calculated as the difference between total uptake and uptake in the presence of DIDS, was saturable ( Fig. 4) . A computer derived (14) 
Discussion
The findings ofthe present study suggest that the transmembrane pH gradient drives uphill folate transport by carrier-mediated folate/OHexchange. In jejunal BBM vesicles, an outwardly directed OHgradient stimulates the initial velocity of folate uptake, and the vitamin is transiently accumulated at a concentration four times that found at equilibrium, implying uphill transport. Furthermore, pH gradient-stimulated folate uptake is markedly reduced by known inhibitors of anion exchange processes (DIDS, SITS, and furosemide). DIDS-sensitive pH gradient-stimulated folate uptake is saturable with a folate Km of 0.19±0.02 gM and a Vmax of 12.8±0.4 pmol -mg protein-' * min-'. This value for the folate Km is within an order of magnitude of previously reported values for intact jejunum (1.2-7.2 MM, reference 2). Finally, folate uptake is not stimulated by _ 100%- Figure 3 . Effects of transport inhibitors on folate uptake by jejunal BBM vesicles. pH gradient-stimulated folate uptake (pH 7.7 inside, pH 5.5 outside) was determined at 6 s in the presence or absence (control) of I mM inhibitor. Buffer composition as in Fig. 1 . an inside-positive electrical potential, thereby excluding electrical coupling as an explanation for pH gradient-stimulated folate uptake. These results strongly suggest carrier mediated folate/ OH-exchange (or phenomenologically indistinguishable H+/ folate co-transport). Furthermore, a Na+/folate co-transport mechanism is unlikely, since stimulation of folate uptake by a Na' gradient was not observed. These results differ significantly from those of a preliminary study (15) using rat intestinal BBM vesicles in which uphill folate transport (viz. an overshoot) was not clearly demonstrated and no comparison was made between jejunal and ileal BBM vesicles. Although, in that study, folate transport was enhanced under conditions of an outwardly directed OH-gradient, uptake was also stimulated by an inwardly directed Na' gradient or an inwardly directed K+ gradient in the presence of valinomycin. Since the increment in folate uptake under Na+ gradient conditions was identical to the stimulation by an inwardly directed K+ gradient plus valinomycin, these investigators concluded that electrical coupling could account for Na' gradient-stimulated folate uptake. Similarly, the pH gradient stimulation might also have been secondary to electrical coupling. The disparate responses of folate uptake to an inside-positive electrical potential in that study compared with those ofthe present study may have been due to membrane preparation or species differences. In any event, an inside-positive electrical potential is an unlikely driving force for the uphill transport of folate in vivo, since the interior of the enterocyte is normally electrically negative (-40 mV relative to lumen) (16).
In contrast, the present findings are consistent with the cardinal features offolate transport by intact intestine. The requirement of an acidic luminal pH for folate transport (2) was initially thought to imply a pH optimum for carrier-mediated folate uptake (3), or passive nonionic diffusion (17) of the undissociated acid (pKA = 3.5 and 4.8). However, the present study suggests that the transmembrane pH gradient and not the luminal pH per se is critically required for intestinal folate absorption. Recordings of the pH at the luminal surface document a brush border acid microclimate in proximal jejunum (luminal pH 5.8) (17) . Since this value is significantly below the pH ofthe entero-2032 C. M. Schron, C. Washington, Jr., and B. L. Blitzer ,I, cyte interior (1-6.8, reference 18), an outwardly directed OHgradient is present under physiological conditions. Thus, the outwardly directed OHgradient required for uphill folate transport by BBM vesicles in vitro is present in vivo. Our finding of folate/OHW exchange in jejunal, but not ileal BBM vesicles is also consistent with the primacy of the jejunum in folate absorption (2) . Finally, the Na' dependence of folate transport observed by others (19) may be secondary to dual exchange, i.e., the parallel operation of carriers mediating Na+/H' (8) and folate/OHW exchange.
In summary, the present study provides evidence for a carrier on the jejunal brush border membrane that mediates folate/ OHexchange (or 11/folate co-transport) and is consonant with the known presence of an outwardly directed OHgradient in vivo (acid microclimate), an acidic pH optimum for intestinal folate transport and the primary role of the jejunum in folate absorption. Furthermore, these studies suggest that the transmembrane pH gradient drives uphill transport of folate under physiological conditions.
